In order to explore the response of photosynthetic electron transport chain to heat stress, chlorophyll a fluorescence and modulated 820 nm reflection transients were examined in the leaves of Jerusalem artichoke (Helianthus tuberosus L.). J step was elevated at 43
a b s t r a c t
In order to explore the response of photosynthetic electron transport chain to heat stress, chlorophyll a fluorescence and modulated 820 nm reflection transients were examined in the leaves of Jerusalem artichoke (Helianthus tuberosus L.). J step was elevated at 43
• C, suggesting that electron transport beyond primary quinone electron acceptor of photosystem II (Q A ) was inhibited. I step was elevated at 45
• C due to the lowered plastoquinol re-oxidation rate. Significant decrease in the Q A reducing reaction centers per photosystem II (PSII) antenna chlorophyll and marked increase in relative variable fluorescence intensity at 300 s also occurred at 45
• C, indicating that the electron transport chain from PSII donor side to Q A was injured. Overall, the fragment between Q A and plastoquinol is the most susceptible to heat in the electron transport chain before photosystem I (PSI). The maximal photochemical capacity of PSI was not affected by heat stress even at 48
• C, and the interaction between PSII and PSI become unbalanced, when temperature rose to 45
• C. At 45 • C, prolonged PSI oxidation occurred in the expanding leaves because of the inhibited electron donation from PSII, however, PSI oxidation amplitude decreased in the expanded leaves. We infer that electron transport chain of PSI acceptor side is more sensitive to heat stress than the chain before PSI in the expanded leaves. Therefore, electrons in PSI reaction center could not be efficiently drained to the downstream at high temperature, and then PSI oxidation was blocked.
© 2013 Elsevier B.V. All rights reserved.
Introduction
Elevated air temperature can aggravate food crisis by reducing crop growth and yield (Battisti and Naylor, 2009 ). An increased Abbreviations: ETR, electron transport rate; MR, modulated 820 nm reflection; MR0, value of modulated 820 nm reflection at the onset of red light illumination; OEC, oxygen-evolving complex; PI(abs), PSII performance index on absorption basis; Pn, photosynthetic rate; PPFD, photosynthetic photon flux density; PQH2, plastoquinol; PSI, photosystem I; PSII, photosystem II; Q A , primary quinone electron acceptor of PSII; RC/ABS, Q A reducing reaction centers per PSII antenna chlorophyll; V k , relative variable fluorescence intensity at 300 s; W k , ratio of variable fluorescence F k − Fo to the amplitude FJ − Fo; ˚Po, maximum quantum yield for primary photochemistry; o , probability that an electron moves further than Q A ; ıRo, probability with which an electron from the intersystem electron carriers is transferred to reduce end electron acceptors at the PSI acceptor side.frequency of periods with exceptionally high temperatures is one of the most important characteristics of global warming (Meehl et al., 2007) . This rapid and great elevation in ambient temperature is generally defined as heat stress (Wahid et al., 2007) . In contrast to moderate high temperature stress, a short period of heat stress is enough to provoke severe injuries including protein denaturation and membrane damage in plant cells. It is a feasible way to meet the challenge of food crisis induced by global warming through enhancing crop tolerance, but the first step is to understand physiological responses to heat stress (Sharkey and Zhang, 2010) .
Photosynthesis which closely associates with crop growth is sensitive to environmental stress. It has been well documented that activation state of rubisco is a crucial limiting factor for photosynthesis, and rubisco activase is highly susceptible to high temperature (Salvucci and Crafts-Brandner, 2004; Scafaro et al., 2012) . Therefore, we attach importance to the heat effects on photosynthetic electron transport chain in this study. Photosynthetic electron transport from water to NADP + is driven by photosystem II (PSII) and photosystem I (PSI). There are electron carriers between PSII and PSI, such as primary and secondary quinone electron acceptor of PSII (Q A and Q B ) and plastoquinone (PQ), and they play an important role in regulating the interaction between PSII and PSI. Up to now, PSII behavior at high temperature has been extensively studied, especially after the exploitation of chlorophyll a fluorescence transient (Chen et al., 2009; Mathur et al., 2011; Yan et al., 2011; Brestic et al., 2012) . The results generally concluded that PSII was liable to be injured by high temperature, and PSII components including oxygen-evolving complex, reaction center, light-harvesting complex and electron acceptor had different heat sensitivity. Both slight change and obvious decline in PSI activity were reported in plants exposed to high temperature, and consistently, PSI was demonstrated to be more tolerant than PSII (Sayed et al., 1989; Boucher and Carpentier, 1993; Mihailova et al., 2011; Essemine et al., 2012) . However, PSI and PSII performances were not simultaneously monitored in these studies. Therefore, it is not available to reveal the effects of heat stress on the entire photosynthetic electron transport chain. In addition, it is largely unknown about the interaction between PSII and PSI under heat stress.
Jerusalem artichoke (Helianthus tuberosus L.) is a C3 crop species, has high vitality and can adapt to unfriendly environmental conditions (Monti et al., 2005; Ma et al., 2011; Matías et al., 2013) . Jerusalem artichoke has been accepted as a good raw material for ethanol production, human diet and medical applications (Kaur and Gupta, 2002; Szambelan et al., 2004; Takeuchi and Nagashima, 2011; Chen et al., 2013; Jin et al., 2013) , because the tuber is rich in fructose and inuline (Baldini et al., 2004; Saengthongpinit and Saijaanantakul, 2005) . More importantly, Jerusalem artichoke has been utilized to exploit abandoned saline land in coastal zone in China at present due to its high salinity tolerance (Zhao et al., 2006; Xue and Liu, 2008; Long et al., 2009) . Noticeably, air temperature can rapidly rise to extremely high level in summer midday in coastal zone due to low vegetation coverage. To date, it is still unclear about the effects of heat stress on photosynthetic apparatus in Jerusalem artichoke, although this knowledge may benefit the practice of saline land exploitation in coastal zone. In a recent study, we elucidated photosynthetic characterization of Jerusalem artichoke during leaf expansion (Yan et al., 2012) . It demonstrates that photosynthetic apparatus performance is different between expanded and expanding leaves. We hypothesize that tolerance of photosynthetic apparatus and response strategy of photosynthetic electron transport are not the same in the expanded and expanding leaves upon heat exposure.
In this study, we aimed to reveal the responses photosynthetic electron transport chain in Jerusalem artichoke leaves to heat stress through an analysis of chlorophyll a fluorescence and modulated 820 nm reflection. As a result, we may obtain a deep insight into the heat tolerance mechanism of photosynthetic apparatus in Jerusalem artichoke.
Materials and methods

Plant materials
Tubers of Jerusalem artichoke were collected from Laizhou bay, Shandong province, China. The cultivation procedure was reported in our previous study (Yan et al., 2012) . The tubers were planted in plastic pots filled with vermiculite (one tuber in each pot) and grown in artificial climatic chambers (Huier, China). The vermiculite was kept wet by watering. The photon flux density was approximately 200 mol m −2 s −1 (12 h per day from 07:00 to 19:00) in the chambers, and day/night temperature and humidity were controlled at 25/18 • C and 65%. After 1 month, they germinated (one seedling in each pot) and were daily watered with Hoagland nutrient solution (pH 57). One month later, the expanded and expanding leaves were selected for our experiment. The size of expanding leaves was about 60% of that of the expanded leaves. Photosynthetic characterization about the expanded and expanding leaves was described previously (Yan et al., 2012) .
Heat treatment
Heat treatment was carried out in an artificial climatic chamber. Seedlings were respectively subject to 40 • C, 43 • C, 45 • C and 48 • C for 2 h with moderate light (200 mol m −2 s −1 , which was equivalent of growth light intensity). Seedlings growing at 25 • C were taken as control. Five replicate seedlings were used for each treatment, and one leaf of each type (expanded and expanding) was selected in a seedling for the following measurements.
Measurements of photosynthetic rate and electron transport rate
Gas exchange and electron transport rate (ETR) were simultaneously detected using an open photosynthetic system (LI-6400XT, Li-Cor, Lincoln, NE, USA) equipped with a fluorescence leaf chamber (6400-40 LCF, Li-Cor). Photon flux density was set at 800 mol m −2 s −1 in the leaf cuvette, and the temperature, CO 2 concentration and relative humidity were not controlled and depended on ambient conditions. After about 30 min, photosynthetic rate (Pn) reached a steady level, and it was recorded. In addition, steady-state fluorescence yield (F s ) was also recorded A saturating actinic light pulse of 8000 mol m −2 s −1 for 0.7 s was then used to produce maximum fluorescence yield (F m ) by temporarily inhibiting PSII photochemistry. The actual photochemical efficiency of PSII ( PSII) was calculated as: (Genty et al., 1989) . As described by Krall and Edwards (1992) , the electron transport rate (ETR) was estimated as ETR = PSII × PPFD × 0.5 × 0.84 PPFD is the photosynthetic photon flux density incident on the leaf (800 mol m −2 s −1 ); Energy distribution between PSII and PSI was assumed to be equal, so 0.5 was used as the coefficient; Leaf absorbance was 0.84, since it was the most common value for C3 plants (Bjorkman and Demmig, 1987) .
Measurement of chlorophyll a fluorescence transient and modulated 820 nm reflection
The measurements were made by using a multifunctional plant efficiency analyzer (M-PEA, Hansatech, UK). PSI (reaction center + plastocyanin) oxidation is known to cause an increase in absorption in 820 nm. Monitoring modulated reflection change near 820 nm is a very convenient way to follow the redox state of PSI. The operating mechanism of this instrument has been elucidated by Strasser et al. (2010) in detail. In this study, leaves were adapted in dark for 30 min before they were measured. As shown in Fig. 1 , dark-adapted leaves were illuminated with a 1 s pulse of continuous red light (627 nm, 5000 mol photons m −2 s −1 ). Chlorophyll a fluorescence and modulated 820 nm reflection were simultaneously recorded during the illumination. Subsequently, PSI was completely oxidized by a 10 s far red pulse (735 nm, 200 mol photons m −2 s −1 ), and finally, reduced again by a 2 s red light pulse (627 nm, 5000 mol photons m −2 s −1 ). MR 0 is the value of 820 nm reflection at the onset of red light illumination, when PSI is in reduced form (0.7 ms, the first reliable MR measurement). The difference of 820 nm reflection between the maximal reduced and oxidized PSI can be used to indicate the maximal photochemical capacity of PSI according to Schansker et al. (2003) . MR 1 is the minimal value of 820 nm reflection nearly after far-red light illumination, when PSI was fully oxidized MR 2 is the maximal value after the final 2 s red light illumination, when PSI was completely re-reduced. Therefore, the maximal photochemical capacity of PSI can be calculated as: (MR 2 − MR 1 )/MR 0 . Chlorophyll a fluorescence transients were quantified according to JIP test by using the following original data: (1) fluorescence intensity at 20 s (F o , when all reaction centers of PSII are open); (2) the maximum fluorescence intensity (F m , when all reaction centers of PSII are closed) and (3) fluorescence intensities at 300 s (K step), 2 ms (J step) and 30 ms (I step). Using these original data, some parameters can be calculated for quantifying PSII behavior (Strasser et al., 2010) . The parameters and formulae are listed in Table 1 .
Statistical analysis
One-way ANOVA was carried out using SPSS 160 (SPSS Inc, Chicago, IL, USA) for all sets of data, and significant differences between means were determined through LSD test. Differences were considered statistically significant when P < 0.05.
Result
Effects of heat stress on Pn, ETR, PI(abs) and MR/MR 0
Pn and ETR were decreased in both expanded and expanding leaves under heat stress, and the decrease became greater with temperature rising (Fig. 2a and b) . MR/MR 0 was not affected by heat stress in the leaves, as no significant change was found (Fig. 2c) . PI(abs) were decreased under heat stress, and the decrease became greater with temperature rising (Fig. 2d) . When seedlings were exposed to 40 • C, 45 • C, 43 • C and 48 • C, PI(abs) was respectively decreased by 121 ± 23%, 213 ± 19%, 834 ± 47% and 919 ± 51% in the expanded leaves compared with the value at 25 • C, and the decrease was 91 ± 11%, 250 ± 21%, 811 ± 61% and 913 ± 58% in the expanding leaves. The decrease amplitude in PI(abs) was not significantly different between expanded leaves and expanding leaves.
Effects of heat stress on chlorophyll a fluorescence and modulated 820 nm reflection transients
As shown in Fig. 3 , chlorophyll a fluorescence and modulated 820 nm reflection transients were not affected by heat stress at 40 • C. When temperature rose to 43 • C, J step was elevated in both 
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Biological parameters derived from the fluorescence parameters expanded and expanding leaves, and the elevation was more obvious at 45 • C as well as at 48 • C (Fig. 3a and b) . I step was also elevated, when temperature reached 45 • C (Fig. 3a and b) .
The modulated reflection signals are presented by MR/MR 0 ratio ( Fig. 3c and d) , where MR 0 is the value at the onset of actinic illumination (at 0.7 ms). Decrease in MR/MR 0 from MR 0 (at 0.7 ms) to the minimal value (MR min , at about 12 ms) reflects PSI oxidation process, and the oxidation amplitude was expressed as MR 0 − MR min . MR min is a transitory steady state with equal oxidation and re-reduction rate of PSI. Subsequently, increase in MR/MR 0 indicates PSI re-reduction. Compared with 25 • C, change in 820 nm reflection transient was not apparent at 40 • C and 43 • C in both expanded and expanding leaves ( Fig. 3c and d) . As shown in the insert panels of Fig. 3c and d, PSI oxidation amplitude was significantly decreased in the expanded leaves at 45 • C and 48 • C, whereas it was significantly increased in the expanding leaves. It suggested that prolonged and declined PSI oxidation respectively occurred in the expanding and expanded leaves.
Effects of heat stress on PSII behavior
The definition of V k , W k , ˚P o , o , ı Ro and RC/ABS are listed in Table 1 . Significant increase was not found in V k in both expanded and expanding leaves until temperature reached 45 • C (Fig. 4a) , but no significant change was observed in W k (Fig. 4b) . o decreased significantly at 43 • C in both expanded and expanding leaves, and the increase become greater with temperature increasing (Fig. 4d) . Significant decrease in ˚P o and RC/ABS was noted, when the temperature rose to 45 • C (Fig. 4c and f) in the expanded and expanding leaves, and remarkable increase in ı Ro was recorded, when temperature rose to 48 • C (Fig. 4e) .
Discussion
Photosynthesis was suppressed by heat stress in both expanded and expanding leaves of Jerusalem artichoke, indicated by the lowered Pn and ETR ( Fig. 2a and b) . Decrease in Pn was also observed in other crop species at high temperature, and in some extent, it resulted from heat-induced injury on photosynthetic apparatus (Yang et al., 2006; Yan et al., 2008 Yan et al., , 2011 Xu et al., 2011) . PI(abs) is PSII performance index (Strasser et al., 2010) , and MR/MR 0 indicates the maximal photochemical capacity of PSI (Schansker et al., 2003) . Heat stress led to marked decrease in PI(abs) but did not induce significant change in MR/MR 0 in both expanded and expanding leaves (Fig. 2c and d) . It suggests that PSII is more susceptible to heat stress than PSI in Jerusalem artichoke, which may be attributed to the less thermostability of thylakoid membrane and protein complex where PSII is located (Wahid et al., 2007) . The change amplitude of PI(abs) and MR/MR 0 was not significantly different between expanded leaves and expanding leaves under heat stress. Therefore, we put forward that heat tolerance of photosystems does not closely associate with leaf development in Jerusalem artichoke. This conclusion does not conform to anyone of previous studies on Zea mays and Ulmus pumila, although their conclusions are contrary with each other (Karim et al., 1999; Jiang et al., 2006) , and the potential reason may be due to species difference.
Interaction between PSII and PSI was disturbed by heat stress, indicated by the modulated 820 nm reflectance transients ( Fig. 3c  and d) . When temperature reached 45 • C, prolonged PSI oxidation in the expanding leaves was induced by the inhibited electron donation from PSII (Fig. 3d) . At high temperature, photosynthetic electron transport chain between PSII and PSI was injured, but different fragments showed inconsistent heat , where MR0 is the value at the onset of actinic illumination (at 0.7 ms). MR min is the minimal value of MR/MR0 at about 12 ms MR0 − MR min indicates PSI oxidation amplitude, which are presented in the insert panels of (c) and (d). Different letters on error bars indicate significant difference at P < 0.05. sensitivity J step suggests the kinetic bottlenecks of the electron transport chain resulting in the momentary maximum accumulation of Q A − (Schansker et al., 2003) . At 43 • C, elevated J step suggested that heat stress depressed the electron transport beyond Q A , and as a result, o decreased (Figs. 3b and 4d ). I step also represents the subsequent kinetic bottlenecks of the electron transport chain but due to the limitation of plastoquinol (PQH 2 ) re-oxidation (Schansker et al., 2005) . Elevated I step was found at 45 • C (Fig. 3b) , suggesting that the electron transport beyond PQH 2 was inhibited, however, ı Ro was not decreased and even increased remarkably at 48 • C (Fig. 4e) . It is not contradictory, since ı Ro depends on both electrons transferred to PSI from PQH 2 and electron influx from upper electron carrier. Heat-induced increase in ı Ro should be caused by the less electrons donated to reduce PQH 2 . In other words, the electron transport chain beyond PQH 2 is less sensitive to heat stress than that from Q A to PQH 2 . Significant decline in RC/ABS and ˚P o was also observed at 45 • C (Fig. 4c and f) due to the increased inactive PSII reaction centers and accumulation of Q A − . In consequence, the electron transport between PSII reaction center and Q A was blocked, and correspondingly, electron generation from oxygen-evolving complex was also depressed at this temperature, indicated by the increased V k (Fig. 4a) . It should be pointed out that increase in W k with an elevated K step around 300 s is commonly accepted as a specific indicator of injury on OEC, although increased V k is also a reasonable candidate (Wen et al., 2005; Yang et al., 2007; Li et al., 2009; Brestic et al., 2012; Yan et al., 2013) . However, just increased V k was observed in this study ( Fig. 4a and b) . We believe that K phase was concealed in the elevated J phase at high temperature, and V k is more proper to indicate heat-induced injury on OEC on the premise of elevated J step. In addition, OEC is often recognized as the most heat-sensitive PSII component (Lu and Zhang, 2000; Allakhverdiev et al., 2008; Li et al., 2009 ), but earlier inhibition on electron transport beyond Q A occurred in this study. The underlying reason is that heat stress was carried out under growth light not in dark, and the block of electron transport from PSII may be a self-protection way by reducing the possibility of PSI photoinhibition (Sonoike, 2011; Zhang et al., 2011) . Like the expanding leaves, negative effects of heat stress on PSII were observed in the expanded leaves (Figs. 3a and 4) , and thus, electron flow into PSI was suppressed as well. In addition, the maximal PSI photochemical capacity was also not influenced by heat stress. However, PSI oxidation level was significantly declined, when temperature rose to 45 • C (Fig. 3c) . We infer that electron transport chain of PSI acceptor side is more sensitive to heat stress than the chain before PSI. Consequently, electrons in PSI reaction center could not be effectively drained to the downstream in the expanded leaves, and then PSI oxidation suspended. Conversely, electron transport chain of PSI acceptor side may be more tolerant than the chain before PSI in the expanding leaves because of the prolonged PSI oxidation. This inference seems reasonable and probable, but it should be confirmed by our further work.
Conclusion
To summarize, PSI is more tolerant to heat stress than PSII in Jerusalem artichoke, and the fragment from Q A to PQH 2 is the most heat sensitive in the electron transport chain between PSII and PSI.
Heat-induced reduction in electron donation from PSII prolonged PSI oxidation in the expanding leaves. However, PSI oxidation level in the expanded leaves was decreased, possibly resulting from the heat-induced greater injury on the electron transport chain of PSI acceptor side.
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